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A B S T R A C T
While single stress responses are fairly well researched, multiple, interactive stress responses are not-despite the
obvious importance thereof. Here, using D. melanogaster, we investigated the effects of simultaneous exposures
to low O2 (hypoxia) and varying thermal conditions on mortality rates, estimates of thermal tolerance and the
transcriptome. We used combinations of 21 (normoxia), 10 or 5 kPa O2 with control (23 °C), cold (4 °C) or hot
(31 °C) temperature exposures before assaying chill coma recovery time (CCRT) and heat knock down time
(HKDT) as measures of cold and heat tolerance respectively. We found that mortality was significantly affected
by temperature, oxygen partial pressure (PO2) and the interaction between the two. Cold treatments resulted in
low mortality (< 5%), regardless of PO2 treatment; while hot treatments resulted in higher mortality (∼20%),
especially at 5 kPa O2 which was lethal for most flies (∼80%). Both CCRT and HKDT were significantly affected
by temperature, but not PO2, of the treatments, and the interaction of temperature and PO2 was non-significant.
Hot treatments led to significantly longer CCRT, and shorter HKDT in comparison to cold treatments. Global
gene expression profiling provided the first transcriptome level response to the combined stress of PO2 and
temperature, showing that stressful treatments resulted in higher mortality and induced transcripts that were
associated with protein kinases, catabolic processes (proteases, hydrolases, peptidases) and membrane function.
Several genes and pathways that may be responsible for the protective effects of combined PO2 and cold
treatments were identified. We found that urate oxidase was upregulated in all three cold treatments, regardless
of the PO2. Small heat shock proteins Hsp22 and Hsp23 were upregulated after both 10 and 21 kPa O2-hot
treatments. Collectively, the data from PO2-hot treatments suggests that hypoxia does exacerbate heat stress,
through an as yet unidentified mechanism. Hsp70B and an unannotated transcript (CG6733) were significantly
differentially expressed after 5 kPa O2-cold and 10 kPa O2-hot treatments relative to their controls.
Downregulation of these transcripts was correlated with reduced thermal tolerance (longer CCRT and shorter
HKDT), suggesting that these genes may be important candidates for future research.
1. Introduction
Insects frequently experience a diverse array of simultaneous en-
vironmental stressors, rather than each stressor occurring in isolation.
For example, exposure to sub-zero temperatures also limits availability
of free water, and insects living at high altitudes will experience low
temperatures and lower oxygen partial pressure (PO2) conditions in
concert. Similarly, heat and desiccation may frequently co-occur
(Chown et al., 2011). Single stress responses are fairly well understood
and much preceding research has revealed the mechanisms by which
insects cope with, respond to, and recover from isolated stressors under
controlled conditions (e.g. low temperature: Overgaard and MacMillan,
2017). By contrast, few studies have explored the mechanisms under-
lying simultaneous stressors in insects, despite the environmental re-
levance (Holmstrup et al., 2010; Kaunisto et al., 2016).
One proposed mechanism for thermal death of animals is as a
consequence of oxygen limitation (Pörtner, 2010). This theory is widely
regarded as the universal explanation for thermal niches in diverse taxa
(Verberk et al., 2016a). However, given notable exceptions to this
theory among a range of insects (Klok et al., 2004; Verberk et al.,
2016b; Verberk et al., 2013), and the abundance and diversity of in-
sects, this remains a critical avenue for mechanistic physiology
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research. In consequence there is much interest in understanding the
physiological mechanisms underpinning thermal tolerance, as well as
the plasticity of this tolerance, and its adaptive capacity at varying
timescales (both within and between generations) (Sgrò et al., 2016). In
insects, the mechanisms underlying hypoxia adaptations are of con-
siderable biomedical and evolutionary interest and consist of a range of
cellular, tissue and whole-organism changes that occur over different
time domains relative to the intensity of stress experienced (Harrison
et al., 2012).
Insect responses to hypoxia, and the mechanisms of hypoxia sen-
sing, signalling and tolerance have been relatively well documented
(Azad et al., 2009; Gorr et al., 2006; Harrison et al., 2006; Hoback and
Stanley, 2001; Vermehren et al., 2006; Wingrove and O’Farrell, 1999).
When possible, insects are likely to mediate oxygen shortage (hypoxia)
behaviourally by moving to more optimal conditions. Those incapable
of escaping the hypoxic environment will become inactive (“hypoxia
stupor”) and downregulate their metabolic rate (e.g. Van Voorhies,
2009). During this hypoxic period, hypoxia-responsive genes and cell
cycle arrest will be initiated, many of which are controlled by the
transcription factor hypoxia-inducible factor 1 (HIF-1) (Dekanty et al.,
2010; Gorr et al., 2006). If oxygen availability falls below the critical
oxygen partial pressure (Pcrit), anaerobic metabolism may be initiated.
The Pcrit for Drosophila melanogaster adults lies between 1 and 3 kPa O2
depending to some extent on methodology employed (Klok et al., 2010;
Van Voorhies, 2009). Below this Pcrit, hairy (a transcriptional sup-
pressor that reduces TCA cycle gene expression) may serve as a switch
to initiate metabolic suppression when oxygen supply is limited (Zhou
et al., 2008). Prolonged hypoxia can lead to reduced growth rate, body
size (Frazier et al., 2001; Harrison and Haddad, 2011), lifespan and
metabolic rate (Fenn et al., 1967; Van Voorhies, 2009).
In some insects, hypoxia can suppress heat tolerance (Boardman and
Terblanche, 2015; Verberk et al., 2016b). As heat results in an increase
in metabolic rate, in hypoxic environments it seems reasonable to
postulate that heat could negatively affect hypoxia tolerance (and vice
versa), and thus increase mortality. In Drosophila, hypoxia below 10 kPa
O2 increases respiratory water loss and decreases critical thermal
maximum (CTmax), until eventually at 2.5 kPa O2 CTmax cannot be
determined as whole-animal activity has ceased (Lighton, 2007). Con-
versely, cold can be protective for hypoxia/anoxia exposures in insects
(Boardman et al., 2016a; Rodriguez and Robertson, 2012), possibly
through overlapping mechanisms of enhanced hypoxia tolerance and
low temperature survival (Boardman et al., 2011). Cross-tolerance can
occur when responses to stressors share the same mechanism, or when
responses offer overlapping protection against different stressors. The
mechanisms underlying oxygen-temperature interactions are not yet
fully understood. In Drosophila, cross-tolerance between temperature
stressors and desiccation, starvation (Bubliy and Loeschcke, 2005;
Bubliy et al., 2012), and hypoxia (Lighton, 2007) have been in-
vestigated. Developmental responses to different oxygen levels have
also been studied (Harrison and Haddad, 2011; Klok et al., 2009), in-
cluding in conjunction with heat tolerance (Shiehzadegan et al., 2017).
However, studies that simultaneously investigate both high and low
temperature stressors with hypoxia, and mechanistic studies of hy-
poxia-temperature interactions are currently lacking.
Using a comparative transcriptomics approach, we aimed to: 1)
identify “universal” cold or heat responses that are present in all PO2
treatments which would potentially indicate universal temperature
stress responses, 2) identify transcripts that are significantly changed
under hypoxia in cold and/or heat treatments to indicate an overall
suite of genes that are altered under hypoxia, and finally, 3) identify
transcripts correlated with increase and decrease in cold and/or heat
tolerance. We exposed adult male D. melanogaster to simultaneous PO2-
temperature combination treatments and measured the effects of these
treatments on mortality, thermal tolerance and the transcriptome. We
used chill coma recovery time (CCRT) and heat knock down time
(HKDT) as measures of cold and heat tolerance respectively. We
predicted that hypoxic treatments at low temperatures would result in
lowered mortality as compared to control temperatures, and these
conditions would lead to shorter chill coma recovery time (CCRT) and
longer heat knock down time (HKDT) due to cold-hardening and cross-
tolerance with heat tolerance, respectively. In contrast, we predicted
that the hypoxic-hot treatments would result in higher mortality, longer
CCRT and shorter HKDT as a result of the accumulation of heat damage,
relative to control groups. We also identified candidate genes or path-
ways potentially implicated in the cross-tolerance between hypoxia and
cold, as well as candidates associated with changes in CCRT or HKDT.
2. Methods
2.1. Insects
The D. melanogaster population used in this study was collected from
the field in Nelspruit, South Africa (25°31′25.71″S, 30°58′51.59″E) in
April 2014. A mass bred line was established from 30 field inseminated
females. These 30 isofemale lines were confirmed as being D. melano-
gaster before being mixed and maintained in culture at a population size
of approximately 1000 individuals at 25 °C 12L:12D on a cornmeal-
yeast-dextrose medium for 34 generations before testing. Fungal and
bacterial growth was limited by addition of Nipagin and acid mix (20%
dilution of propionic acid and 0.1% phosphoric acid). Each generation
was kept across three replicate bottles which were mixed between
generations to maintain high genetic variation. Density was controlled
by restricting flies to egg laying for a 12 h window only. Experiments
were performed over three generations. Males were visually separated
from females into a new bottle, pre-filled with diet medium, using a
mouth aspirator the day before experiments took place. We chose to use
only males to avoid the potential confounding effects of mating/re-
productive status. Flies were assigned randomly into a treatment group.
2.2. Treatments
Five day old males were placed individually in 0.2 ml PCR tubes
(punctured with four holes for ventilation) without the use of CO2 an-
aesthesia and exposed to one of ten stress or control treatments con-
sisting of a predefined PO2-temperature combination for 2 h (Fig. 1).
Flies were kept in these tubes for the duration of the experiment
(∼5 h). The oxygen partial pressures (PO2) used were: normoxia
(21 kPa O2, control), mild hypoxia (10 kPa O2) or moderate hypoxia
(5 kPa O2). Each of these treatments was performed at room (∼25 °C,
control), cold (4 °C) or hot (31 °C) temperatures. An additional severe
hypoxia treatment at 2.5 kPa O2 resulted in high mortality during pilot
studies for both room and hot temperatures, and was therefore included
only for the cold treatment.
Oxygen treatments were performed using commercially purchased,
certified gas mixes from compressed K-cylinders (balance N2, Air
Products, South Africa). The PCR tubes containing individual flies were
placed in custom-built 50 ml syringes (∼n = 20 per syringe) plumbed
to receive gas. All syringes had a small exhaust tube open to normal
atmosphere to maintain gas flow and were kept under positive pressure
to ensure desired experimental atmospheric conditions were achieved.
Syringes were placed in unsealed plastic bags and submerged in cir-
culating refrigeration baths, and gas tubing was connected shortly
thereafter (typically < 2 min). Flow rate was controlled using mass
flow control valves (Sidetrak, Sierra International, USA) connected to a
mass flow control box (Sable Systems, Las Vegas, Nevada, USA). Flow
rate was initially set to 250 ml min−1 for 5 min to rapidly flush syringes
of atmospheric air, before continuing at 100 ml min−1 for the re-
maining 1 h 55 min. Temperature was controlled using baths: 25 °C and
31 °C (TC-150-R4, Grant Instruments, Cambridge, UK), 4 °C (CC410wl,
Huber, Germany). Temperature and relative humidity (RH) were re-
corded inside the syringes with hygrochron iButtons (DS1923,
accuracy ± 0.5 °C and 5% RH, Dallas Semiconductors, Dallas, Texas,
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USA) to verify experimental conditions. The recorded conditions for all
the temperature treatments combined were (mean ± SE) cold:
4.4 ± 0.5 °C, 7.5 ± 5% RH; control: 25.3 ± 0.5 °C, 3.6 ± 5 % RH;
hot: 30.6 ± 0.5 °C, 2.9 ± 5% RH. Although there were significant
differences among average temperatures recorded across the different
replicates, the range of variability was small relative to the differences
among treatment groups (minimum mean – maximum mean) – cold:
4.1–4.7 °C, control: 25.0–25.5 °C, hot: 30.5–30.8 °C – and all treatment
groups were exposed to each of the PO2 for every replicate. Although
we could not prevent flies from being desiccated in the gas treatments,
all flies could handle desiccation for much longer periods than the assay
duration and the RH during all trials was relatively low and similar in
all cases (< 10% RH). In pilot trails we found that all flies survived in
normoxic, room temperature conditions several hours beyond the 2 h
gas exposure suggesting no immediate pathological effects.
For each replicate, all ten treatments were performed over one day
on the same cohort of flies. Each replicate started with a minimum of
n = 20 flies per treatment. The oxygen treatments were performed si-
multaneously, i.e. all normoxia treatments (4 °C, 25 °C and 31 °C) were
completed together, followed by another PO2 and continuing until all
levels had been completed. The order of PO2 treatments (21, 10, 5 kPa
O2) was randomised in each replicate, with the 2.5 kPa O2 cold ex-
posure always performed last. Experiments were replicated seven times
on three different cohorts of flies: three replicates were used for thermal
tolerance phenotyping (both CCRT and HKDT) and four replicates
frozen for transcriptomic samples. All seven replicates were used for
scoring mortality. An additional cohort of control flies was treated only
at 21 kPa O2 and used for thermal tolerance phenotyping (providing a
total of four replicates for 21 kPa O2 phenotyping).
After the treatments, flies were returned to room air (normoxia,
relative humidity > 40%) and allowed to recover at 25 °C (LE-509
incubator, MRC Lab Instruments, Holon, Israel) for 2 h, after which
mortality was scored. Only live flies were then either used to measure
thermal tolerance (chill coma recovery time or heat knock down time),
or frozen in liquid nitrogen and stored at −80 °C for transcriptomic
analysis (Fig. 1).
2.3. Mortality
After recovery, flies (total n = 1587) were checked for mortality by
inverting the tubes and monitoring the flies for a righting response.
Only live flies with normal behaviour and posture were used for
thermal tolerance phenotyping or frozen for transcriptomic analyses.
2.4. Chill coma recovery time
Chill coma recovery time (CCRT) was determined after flies were
exposed to c. 0 °C for 1 h. These conditions were chosen following ex-
amination using pilot experiments (data not shown). Temperature was
achieved by submerging flies, kept individually in ventilated 0.2 ml
tubes in a plastic bag, in an ice:water slurry. Atmosphere was not
regulated (i.e. room air). Temperature was monitored using a type K
thermocouple connected to a digital thermometer (Fluke 54 II, Fluke
Corporation, Everett, WA, USA). After 1 h, flies were placed on the lab
counter (temperature = ∼23 °C, monitored with a Fluke 62 Max
Infrared Thermometer) and the time taken to right themselves, i.e. re-
turn to a unsupported standing position without physical stimulation
(e.g. prodding or shaking) was scored as CCRT. A total of 229 flies were
phenotyped for CCRT over the replicates. The 5 kPa O2-hot treatment
was excluded from CCRT analyses as sample sizes were low (n = 2) due
to high mortality after the treatment exposure. Flies that did not re-
cover after 45 min were scored as non-responders (pilot trials showed
that these flies never recovered), and were excluded from statistical
analyses. These non-responders totalled 31 flies, which died during the
chill coma exposure after the following treatments: 2.5 kPa O2-cold: 1;
5 kPa O2-cold: 3; 5 kPa O2-control: 7; 5 kPa O2-hot: 4; 10 kPa O2-hot: 4;
21 kPa O2-cold: 1; 21 kPa O2-control: 4; 21 kPa O2-hot: 7.
2.5. Heat knock down time
The time taken for flies to lose muscle control and/or righting
ability when exposed to 43 °C was recorded as heat knock down time
(HKDT). A total of 265 flies were phenotyped for HKDT over the re-
plicates. These conditions were chosen on the basis of the CTmax of this
line (41.8 °C measured with 0.06 °C min−1 ramping rate) and HKDT
pilot experiments (data not shown). Individual flies within ventilated
0.2 ml tubes were placed on a thin layer of polyethylene plastic of a
custom built flotation device on the surface of the water (exposed to
room air) in a programmable circulating bath (CC410wl, Huber,
Germany). The bath was set to 45 °C, and surface temperature was
Fig. 1. Experimental design. Adult male Drosophila melanogaster were exposed to a 2 h combination PO2-temperature treatment. Flies were allowed to recover at 25 °C for 2 h before
mortality was scored. Only live flies were then used to either measure thermal tolerance or for transcriptomic microarrays.
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measured using both iButtons and thermocouple connected to a hand-
held digital thermometer. The 5 kPa O2-hot treatment was excluded
from HKDT analyses as sample sizes were low (n = 4 total, from 2
replicates) due to high mortality after the treatment exposure.
2.6. Statistics
Mortality data was analysed using a generalized linear model (GLM)
with a binomial distribution and logit link function in R version 3.2.2 (R
Core Team, 2013). Replicate was not a significant variable and was
excluded from the final model. The ‘glht’ function in the ‘multcomp’
package (Hothorn et al., 2008) was used to determine significant dif-
ferences within “temperature” and “PO2” using these parameters as
fixed factors. The 2.5 kPa O2-cold treatment was excluded from the post
hoc analysis.
CCRT and HKDT data showed skewed frequency distributions and
so were log10 transformed prior to analysis in R version 3.3.1 (R Core
Team, 2013). Generalized linear models with a Gaussian distribution
and identity link function were used to examine the effect of tem-
perature and oxygen on CCRT and HKDT, respectively, as these are
robust to violations of assumptions of normality and homogeneity of
variance. Replicate was found to be a significant factor for CCRT and
HKDT. Data were therefore standardised relative to the mean of each
replicate, and then log10 transformed prior to running the final models.
Residuals of model fit were inspected after standardization.
2.7. Transcriptomics
Frozen samples were sent to AROS Applied Biotechnology A/S,
Aarhus, Denmark, for RNA extraction and global gene expression assays
using the Affymetrix Drosophila Genome 2.0 Array. Each sample con-
sisted of the flies that survived after the 2 h recovery period, which
averaged ∼19 flies per sample (range: 11–25). The transcript abun-
dance of a single sample was assayed on each array and data normal-
ization was performed on all data across arrays, within the experiment.
The procedure is described in Sørensen et al. (2016). Four biological
replicates (microarrays) were run for each of the nine treatment groups
that showed low mortality (total of 36 microarrays). Annotated, GC-
RMA normalized data from AROS was used as input for analyses. Linear
modeling and empirical Bayes methods in the limma package (Ritchie
et al., 2015) in R version 3.2.2 (R Core Team, 2013) were used to assess
differential gene expression. To address effects of the two main factors:
temperature and PO2 we analysed 1) the effect of temperature within
each experimental PO2, and 2) the effect of experimental PO2 within
each temperature. After these initial comparisons, no PO2 effects were
evident and it appeared that temperature effects dominated the var-
iance within the data. Therefore, interactive effects were not directly
investigated. We instead chose to perform paired contrasts between
control and cold, and control and hot, within each gas condition, such
as e.g. 21 kPa O2-control vs. 21 kPa O2-cold and 21 kPa O2-control vs.
21 kPa O2-hot. Differential transcripts were identified for each paired
contrast using the topTable function in limma. Correction for multiple
testing was implemented in limma, and significant hits (based on a false
discovery rate (FDR) adjusted P-value of< .05), were identified from
the output for each comparison. The input data for each paired com-
parison consisted of 18952 rows of probe data, representing transcripts
covering most known and predicted Drosophila genes. The full probe
lists were used in each comparison.
Data were inspected for overlapping responses between temperature
comparisons at different PO2 (indicative of universal temperature re-
sponse), and unique responses at different PO2 (indicative of effects of
PO2). Functional annotation clustering was done using DAVID 6.8
(updated October 2016) using Unigene IDs lists from paired contrasts as
input, and default settings (Huang et al., 2009a,b) to establish enrich-
ment of functional groups of genes (enrichment analysis). While the
enrichment results from DAVID include three methods of correction for
multiple testing (Bonferroni, Benjamini and FDR), we interpreted sig-
nificance based on FDR-corrected P < .05. Transcripts annotated by
several genes separated by “///” indicate ambiguous annotation, for
example dicistronic mRNA where multiple non-overlapping open
reading frames occur from the same transcript.
3. Results
3.1. Mortality
The post-treatment mortality (after 2 h recovery) was significantly
affected by temperature, PO2 and the interaction between the two
(Table 1). After exposure to 21 kPa O2 at control (25 °C) temperatures,
mortality was low (∼7%, Fig. 2A). When the temperature during this
exposure was increased in the 21 kPa O2-hot treatment, mortality was
significantly increased to ∼ 19% (P = .016). At 10 kPa O2, the same
trend occurred with hot treatment resulting in higher mortality than the
cold or control treatments (4 °C vs 31 °C: increase in mortality by 19%,
P < .001; 25 °C vs 31 °C: increase in mortality by 14%, P = .01). The
5 kPa O2-hot treatment resulted in high mortality (∼80%). This was
significantly more than the mortality after 5 kPa O2-control (∼18%,
P < .001), which again was a significantly higher mortality than the
5 kPa O2-cold treatment (∼3%, P < .001).
Cold treatments always resulted in low mortality (< 5%), regardless
of the PO2 that the animals were exposed to during treatments
(Fig. 2A). There was no significant difference in mortality between any
of the PO2-cold treatments (P > .98 in all cases). Under benign (con-
trol) temperatures (25 °C), PO2 had a significant effect on mortality,
with 5 kPa O2 resulting in 20% mortality, in comparison to the < 10%
mortality after 10 kPa O2-control (P= .02) and 21 kPa O2-control
(P = .006). This effect was more pronounced after heat treatments,
with a ∼ 60% increase in mortality after treatment at 5 kPa O2-hot, in
comparison to 10 kPa O2-hot or 21 kPa O2-hot (P < .001 in both
cases).
3.2. Chill coma recovery time
CCRT was significantly affected by prior temperature experienced in
the treatment, but not PO2 (Table 1). In general, the heat treated flies
performed the worst i.e. had the longest CCRT compared to the cold
and control treatments, regardless of the PO2 treatment (Fig. 2B), re-
sulting in an overall positive association between temperature and
CCRT in the flies tested. The hot treated flies took on average 11.5 min
to recover from chill coma compared to 9.5 min for the cold treated
flies. The control flies (25 °C) showed no differences in CCRT at 5 kPa
Table 1
Summary of generalized linear models examining the effects of temperature and PO2 on
mortality (glm, binomial distribution and logit link function) and on chill coma recovery
time (CCRT, min) and heat knock down time (HKDT, min) (glm, Gaussian distribution
and identity link function). Models were run separately for each main trait. Significant
effects are highlighted in bold. Score refers to the z-value for the Mortality model, and t-
value for CCRT and HKDT models.
Trait Factor χ2 Std. Error Score P-value
Mortality Intercept 5.377 0.590 9.109 < .001
Temperature −0.216 0.022 −9.950 < .001
PO2 −0.101 0.039 −2.562 .010
Temperature × PO2 0.009 0.002 5.755 < .001
CCRT Intercept −0.062 0.020 −3.019 .003
Temperature 0.004 0.001 2.660 .008
PO2 0.001 0.002 0.391 .696
Temperature × PO2 <−0.001 < 0.001 −1.049 .295
HKDT Intercept 0.080 0.068 1.186 .237
Temperature −0.018 0.004 −4.247 < .001
PO2 −0.003 0.005 −0.559 .577
Temperature × PO2 < 0.001 <0.001 1.452 .148
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O2, in comparison to 10 kPa O2 or 21 kPa O2.
3.3. Heat knock down time
HKDT was also significantly affected by temperature, but not the
experimental PO2 (Table 1). As in the case of CCRT, the heat treated
flies performed the worst, with hot flies being knocked down after
13 min compared to > 30 min in the cold and control treated flies at
both 10 kPa O2 and 21 kPa O2 (Fig. 2C). This resulted in a significant
negative association of HKDT with temperature treatment (Table 1).
The control flies had longer HKDT at 10 kPa O2 and 21 kPa O2, in
comparison to 5 kPa O2, however, these were not significantly different.
3.4. Transcriptomics
The transcriptome responses to temperature also showed the
strongest effect (i.e. the most transcripts significantly differentially
regulated) under more extreme hypoxia suggesting an interaction be-
tween these two factors. 5 kPa O2-cold had 71 transcripts that were
significantly different to 5 kPa O2-control, while 10 kPa O2-hot had 112
transcripts that were significantly different to 10 kPa O2-control
(Fig. 3). Subsequent analyses focused on the transcripts that were dif-
ferentially up- or downregulated between stress and control at multiple
PO2 but compared at the same temperature (i.e. overlaps in the Venn
diagram, Fig. 3). We also compared unique transcripts that were only
changed under a specific set of conditions focusing on 5 kPa O2-cold
and 10 kPa O2-hot as these flies had the greatest number of transcript
changes and the largest phenotypic differences between stress and
control treatments (Fig. 2).
3.4.1. Transcriptomic responses to PO2-cold treatments
After cold treatments, three transcripts were upregulated in all three
PO2 in comparison to their controls at the same PO2: urate oxidase,
CG7720 and CG6048 (Fig. 3A, Table 2). Nine others were significantly
different between two of the three PO2 (Fig. 3A, Table 2). A total of 70
transcripts were significantly different at only one of the PO2 (Fig. 3A,
Table S1). CG5191, Pherokine 3, CG8620 and CG10337 were sig-
nificantly upregulated after 21 kPa O2-cold. Three transcripts were
significantly upregulated after 10 kPa O2-cold: CG31324, juvenile hor-
mone acid methyltransferase and endoproteinase I///CG4269). Sixty-three
transcripts were significantly altered after 5 kPa O2-cold, with 48 up-
regulated and 15 downregulated (Table S1). Of these, three transcripts
were downregulated in cold with a log2 fold change greater than 1 (i.e.
abundance double in control group): adenosine 3, CG3838 and naked
cuticle. The top six most upregulated transcripts were (log2
FC < −1.5): CG10514, CG11892, CG16775, CG31233, Uro, Npc2d,
CG31343///Hsp70Bb///Hsp70Bc and CG2187.
Enrichment analysis of the unique transcripts that were significantly
different between control and cold treatments at 5 kPa O2 could be
clustered in catabolic processes (proteases, hydrolases, peptidases) and
checkpoint kinases (chk). However, these clusters were not significant
after FDR (Table S3).
3.4.2. Transcriptomic responses to PO2-hot treatments
After hot treatments, Hsp22 and Hsp23 were upregulated after both
21 and 10 kPa O2, while CG6733 and CG13977 were downregulated
(Fig. 3B, Table 2). While no unique transcripts were significantly dif-
ferent between just the 21 kPa O2-control and 21 kPa O2-hot treat-
ments, 108 unique transcripts were significantly different after 10 kPa
O2-hot treatment (vs. 10 kPa O2-control, Table S2). The ten transcripts
that were most downregulated in the 10 kPa O2-hot treatment (log2
FC > 1.6; i.e. more than 3 times higher abundance in control group)
were CG15263, CG31104, Smvt, CG31233, CG10560, CG11878, C-
G6908, CG31343///Hsp70Bb///Hsp70Bc, Cyp6a18, CG10513, while
the ten most upregulated transcripts (log2 FC of −1.88 to −0.87) were
Hsp22///Hsp67Bb, alphagamma-element:CR32865, Hsp23, Dh44,
Spn55B, CG31955, CG6428, Dip3, CG42708, ade2.
Enrichment analyses of the unique transcripts that were sig-
nificantly different between control and hot treatments at 10 kPa O2
showed that checkpoint kinases (chk) an integral component of plasma
membrane were significantly different after FDR correction (Table S4).
Although not significant after FDR, sugar metabolism and transport
were also implicated.
3.5. Correlating transcripts with phenotypes
Comparison of the differential 5 kPa O2-cold and 10 kPa O2-hot
transcript lists (Tables S1 and S2) revealed 15 genes that were common
on both lists – although log2 FC indicate opposite direction of effects,
Fig. 2. Mean ± SE of (A) mortality data, (B) chill coma recovery time (CCRT) and (C)
heat knock down time (HKDT) after treatments under either cold (4 °C, blue diamond),
control (25 °C, black square) or hot (31 °C, red triangle) temperatures combined with a
PO2. Raw mortality data are shown in (A) as hollow symbols. For reference, 21 kPa O2-
control CCRT was 8.96 ± 0.46 min and HKDT was 26.10 ± 3.82 min. For interpreta-
tion of the references to colour in this figure legend, the reader is referred to the web
version of this article.
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e.g. upregulated in 5 kPa O2-cold, and downregulated in 10 kPa O2-hot
(Table 3). As these comparisons also had different CCRT and HKDT, the
listed transcripts are correlated with the changes in thermal tolerance.
5 kPa O2-cold treated flies had a faster CCRT, and longer HKDT than
5 kPa O2-control flies; while 10 kPa O2-hot flies had slower CCRT, and
shorter HKDT than 10 kPa O2-control treated flies. Therefore, tran-
scripts up- and downregulated in 5 kPa O2-cold (relative to 5 kPa O2-
control) and 10 kPa O2-control (relative to 10 kPa O2-hot) are corre-
lated with improved thermal tolerance (faster CCRT, longer HKDT);
while the opposite direction of response was correlated with reduced
thermal tolerance. Thus, upregulation of CG31198, CG16904, C-
G31233, CG31343///Hsp70Bb///Hsp70Bc, CG10912, CG32023, C-
G15279, CG10513, Oatp58Dc, CG7542, Irk3, lambaTry and down-
regulation of CG42708, ade2, CG9934 are associated with improved
thermal tolerance.
4. Discussion
Here we investigated the phenotypic and transcriptomic responses
associated with a combination of hypoxia and temperature treatments
to understand the interactions between these stressors. To our knowl-
edge, this study is the first to explicitly investigate the cross-tolerance
between hypoxia and both high and low temperature in D. melanogaster
and investigate the transcriptomic responses associated with these
multiple and potentially interactive stressors. By using a combination of
an outbred, newly established line from a field-collected population,
with high sample replication and incorporating functional studies (e.g.
Ayroles et al., 2009; Sørensen et al., 2007), our data represents an
important starting point for understanding potential phenotypic and
mechanistic interactions between acute hypoxia and temperature stress.
Fig. 3. Venn diagrams of significant differential
expression of gene transcripts for (A) control vs.
cold (i.e. 25 °C vs. 4 °C) and (B) control vs. hot (i.e.
25 °C vs. 31 °C). Each circle represents a specific
experimental PO2. Significance was based on false
discovery rate adjusted P-values. Top numbers
(blue for cold, red for hot treatments) indicate
significantly upregulated transcripts that were
higher in treatment (cold or hot) vs. control, while
bottom numbers indicate downregulated tran-
scripts (higher in control treatment than cold or
hot). Overlapping gene transcripts between mul-
tiple PO2 treatments are listed in Table 2, while
lists of unique transcripts (significantly different to
controls under a specific PO2) are in Table S1
(Control vs. cold) and Table S2 (Control vs. hot).
Insufficient flies survived treatment at 2.5 kPa O2-
control and 5 kPa O2-hot to facilitate additional
comparisons. For interpretation of the references to
colour in this figure legend, the reader is referred to
the web version of this article.
Table 2
Transcripts that were significantly altered (FDR adjusted P < .05) under more than one PO2 condition. Comparisons were made between control (ctrl) and temperature treatments
within each gas condition. Each comparison was run independently. Values given represent log2 fold change (FC) values. Unique transcripts (significant under a specific PO2) are in Table
S1 (Control vs. cold) and Table S2 (Control vs. hot). A negative log2 FC indicates that the expression was higher in the treatment (upregulated), while a positive value indicates that
expression was higher in the control (i.e. downregulated in treatment).
Comparison Gene title Gene symbol log2 FC
UniGene ID 21 kPa O2 10 kPa O2 5 kPa O2
Ctrl vs. Cold
Dm.23856 Urate oxidase Uro −1.89 −2.23 −2.11
Dm.16725 CG7720 gene product from transcript CG7720-RB CG7720 −1.07 −0.94 −0.88
Dm.26468 CG6048 gene product from transcript CG6048-RA CG6048 −1.19 −0.96 −1.34
Dm.12811 virus-induced RNA 1 vir-1 −1.28 −1.46 NS
Dm.1537 Serpin 55B Spn55B −1.49 −1.61 NS
Dm.38819 CG14499 gene product from transcript CG14499-RB CG14499 −1.59 −1.89 NS
Dm.2701 Hormone receptor-like in 38 Hr38 −1.14 −1.51 NS
Dm.2207 Major facilitator superfamily transporter 12 (CG8791) MFS12 NS −1.39 −1.26
Dm.118 CG3106 gene product from transcript CG3106-RA CG3106 −1.74 NS −1.24
Dm.20618 Phosphatidylethanolamine-binding protein 1 Pebp1 −1.52 NS −1.37
Dm.3023 CG2930 gene product from transcript CG2930-RD CG2930 −0.73 NS −0.73
Dm.6536 CG5550 gene product from transcript CG5550-RB CG5550 −1.67 NS −1.41
Ctrl vs. Hot
Dm.21298 Heat shock protein 22 /// Heat shock gene 67Bb Hsp22///Hsp67Bb −2.30 −1.88 X
Dm.16578 CG6733 gene product from transcript CG6733-RA CG6733 1.16 1.09 X
Dm.6065 CG13977 gene product from transcript CG13977-RA Cyp6a18 1.04 1.61 X
Dm.2552 Heat shock protein 23 Hsp23 −1.68 −1.51 X
NS – non significant, X – no comparison available as insufficient flies survived treatment at 5 kPa O2-hot.
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4.1. Phenotypic responses to PO2-temperature treatments
Mortality was low after PO2-temperature treatment combinations.
Increased mortality occurred after the 5 kPa O2-hot treatment in which
almost no flies survived, indicating that the combined stress exceeded
the lethal level. The only flies able to survive exposure to 2.5 kPa O2,
were those treated with cold. As this PO2 is approaching the Pcrit of
1 kPa O2 for D. melanogaster (Klok et al., 2010), it is perhaps not sur-
prising that flies at control temperatures did not survive this 2 h ex-
posure. A protective effect of cold on hypoxia tolerance has been
documented in Thaumatotibia leucotreta (Boardman et al., 2016b). Here,
our data support this effect whereby cold protects against hypoxic
stress, likely by reducing both metabolic rate, and the accumulation of
potentially harmful by-products of anaerobic metabolism (Boardman
et al., 2016a).
Both measures of acute thermal tolerance, CCRT and HKDT, were
affected only by the temperature of the treatment, and not by the ex-
perimental PO2. The present study design does not however allow us to
differentiate whether this is due to potential damage incurred during
the pre-exposure may have been repaired during the recovery period
(see Schilman et al., 2011), or whether these measures of thermal tol-
erance are not affected over a wide range of PO2. All PO2-hot treat-
ments resulted in flies taking approximately 2 min longer to recover
from chill coma – possibly explained by delayed restoration of ion
gradients (Overgaard and MacMillan, 2017). Similarly, all PO2-hot
treated flies were knocked down twice as fast (15 min faster) as PO2-
cold or PO2-control temperature flies at 10 and 21 kPa O2 – indicating a
lack of heat hardening, and potential accumulation of damage. All O2-
cold treated flies had the same HDKT as 21 kPa O2-control, even at low
PO2 (< 5 kPa O2) where the control flies were knocked down faster.
This indicates some cross-tolerance whereby the cold treatments were
more heat tolerant under low oxygen conditions. It is interesting to note
that overall, CCRT was less affected by the PO2-temperature treatments
than HKDT.
4.2. “Universal” PO2-cold transcript responses
Several transcripts showed the same upregulation in cold after each
PO2 (in comparison to control temperature at the same PO2) – possibly
indicative of a cold-responsive transcript that is not affected by PO2.
Only one of these transcripts is currently annotated: urate oxidase (Uro,
a.k.a. uricase). The upregulation of Uro has been reported in rice
planthopper species (Hemiptera: Delphacidae) after heat and cold stress
(Huang et al., 2017), upregulated after short and sustained cold but not
multiple cold exposures in D. melanogaster (Zhang et al., 2011), and
upregulated during recovery from chill coma (also D. melanogaster)
(von Heckel et al., 2016). Despite this common response to cold, to our
knowledge, little attention has been given to its potential significance.
Uro catalyses the reaction of uric acid (the endpoint of nitrogen and
purine metabolism in insects), oxygen and water to 5-hydroxyisourate
and hydrogen peroxide. Uric acid is an important reactive oxygen
species (ROS) scavenger (antioxidant) that would help protect against
the oxidative stress of either the cold exposure itself, or the recovery
from cold exposure. As uric acid can also act as a cryoprotectant (Lee
et al., 1993), its possible Uro is upregulated after cold to metabolise the
uric acid. An upregulation in urate oxidase theoretically results in a
reduction of uric acid, and increase in 5-hydroxyisourate and H2O2. It
would be interesting to investigate whether the role of Uro is to gen-
erate H2O2 to drive cold signalling (Foyer et al., 1997; Razzell et al.,
2013) and metabolic adjustments in cold-hardy insects (Kojic et al.,
2009).
The other two “universal” cold transcripts, CG7720 and CG6048,
have inferred transporter activity (transmembrane) and serine-type
endopeptidase activity respectively according to Flybase.org (http://
flybase.org/, Gramates et al., 2017). The upregulation of CG2930, C-
G3106, CG7720 and major facilitator superfamily transporter 12
(MFS12) after treatments at cold temperatures at more than one PO2
highlights the important role of membrane changes under cold tem-
peratures. Our data also suggests a role for immunity in cold tolerance.
For example, virus-induced RNA1, Serpin 55B and hormone-receptor-like
in 38 were upregulated after 10 and 21 kPa O2-cold (but not 5 kPa O2-
cold). Future studies could test the hypothesis that acute hypoxia in-
hibits cold-induced immune functions. While transcriptomic links be-
tween cold and immunity are increasingly well documented
(Vermeulen et al., 2013; von Heckel et al., 2016; Zhang et al., 2011),
our cultures were not kept in strictly sterile conditions, and so some
immune responses may have been upregulated in the laboratory line
regardless of stress treatments.
4.3. “Universal” PO2-hot transcript responses
The small heat shock proteins (HSPs) Hsp22 and Hsp23 have been
implicated in early upregulation after heat exposure (e.g. Colinet et al.,
2010a,b; Sørensen et al., 2005) and cold hardening (Qin et al., 2005).
Our data supports this finding with upregulation of Hsp22 and Hsp23
after hot treatments at both 10 and 21 kPa O2. These two genes have
Table 3
Transcripts that were significantly altered (FDR adjusted P < .05) under both 5 kPa O2-cold and 10 kPa O2-hot (comparison to 5 kPa O2-control and 10 kPa O2-control respectively).
Values given represent log2 fold change (FC) values. A negative log2 FC indicates that the expression was higher in the treatment (upregulated), while a positive value indicates that
expression was higher in the control (i.e. downregulated in treatment).
UniGene ID Gene title Gene symbol log2 FC
5 kPa O2-cold 10 kPa O2-hot
Dm.10941 CG31198 gene product from transcript CG31198-RA CG31198 −1.31 1.38
Dm.10977 CG16904 gene product from transcript CG16904-RA CG16904 −0.90 1.35
Dm.12854 CG31233 gene product from transcript CG31233-RA CG31233 −2.13 1.99
Dm.21122 /// Dm.33336 CG31343 gene product from transcript CG31343-RA /// Heat-shock-protein-70Bb
/// Heat-shock-protein-70Bc
CG31343 /// Hsp70Bb ///
Hsp70Bc
−1.75 1.63
Dm.2306 CG10912 gene product from transcript CG10912-RA CG10912 −1.48 1.22
Dm.27839 CG32023 gene product from transcript CG32023-RA CG32023 −0.79 0.80
Dm.33461 CG42708 gene product from transcript CG42708-RA CG42708 0.82 −0.87
Dm.435 CG15279 gene product from transcript CG15279-RB CG15279 −0.59 0.59
Dm.4474 adenosine 2 ade2 0.90 −0.87
Dm.4595 CG10513 gene product from transcript CG10513-RB CG10513 −1.45 1.60
Dm.4679 Organic anion transporting polypeptide 58Dc Oatp58Dc −0.67 0.88
Dm.5130 CG7542 gene product from transcript CG7542-RA CG7542 −1.43 1.47
Dm.5650 Inwardly rectifying potassium channel 3 Irk3 −0.78 0.82
Dm.6365 CG12350 gene product from transcript CG12350-RA lambdaTry −1.30 1.31
Dm.6565 CG9934 gene product from transcript CG9934-RA CG9934 0.53 −0.51
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also been implicated in chill coma recovery time (Colinet et al., 2010a),
with decreased expression in Hsp22 and Hsp23 by RNAi correlated with
longer CCRT (Colinet et al., 2010b). Thus, we would have expected
longer CCRT in control flies 10 and 21 kPa O2 in comparison to heat.
Instead, our data showed the inverse, where heat treatments resulted in
longer CCRT. The universality of this correlation has previously been
questioned after RNAi knock down of Hsp22 and Hsp23 in field-col-
lected tropical African populations of D. melanogaster flies showed no
change in CCRT (von Heckel et al., 2016). Thus, the increased expres-
sion of hsps after a high temperature exposure might not reflect the
capacity to tolerate further stress exposures, but rather the need to
handle and repair the accumulated damage during the initial stress
exposure (Sørensen, 2010). Hsp22 has been implicated in responses to
entomopathogenic fungus, ionizing radiation, cold and starvation
(Moskalev et al., 2015) and its overexpression slows aging and increases
oxidative stress resistance (Morrow et al., 2004). Regardless of the
exact balance between beneficial and detrimental effects of the induced
responses, these transcripts seem strongly linked to a very sensitive
response to acute heat exposure, regardless of the PO2.
4.4. “Unique” hypoxia transcripts
After cold treatment at 5 kPa O2, the 63 differentially changed
transcripts were associated with catabolic processes (proteases, hydro-
lases, peptidases) and checkpoint kinases (chk) although these were not
significant. These differences were likely driven by changes in 5 kPa O2-
control flies, and not the 5 kPa O2-cold treated ones since 5 kPa O2-
control flies had increased mortality, longer CCRT and faster HKDT.
The relative large increase in the number of differentially expressed
transcripts, and the changes in thermal tolerance phenotype likely re-
flect that these flies were stressed and attempting to initiate homeo-
static processes to regulate the effects of the stress. Adenosine 3 (ade3),
CG3838 and naked cuticle (nkd) were much higher in control flies
(downregulated in cold). ade3 is involved in energy transfer and AMP
signal transduction, while nkd may inhibit Wnt signalling (Zeng et al.,
2000; Flybase, http://flybase.org/). Among other annotated transcripts,
Uro, Niemann-Pick type C-2d (Npc2d), CG31343///Hsp70Bb////
Hsp70Bc were higher after 5 kPa O2-cold – possibly indicating that
these cold responsive transcripts are associated with protective me-
chanisms as they were not listed as “universal” cold responses.
Working on the assumption that 10 kPa O2-hot was more stressful
than 21 kPa O2-hot as 5 kPa O2-hot killed almost all flies, the 108 un-
ique transcripts may indicate what pathways are upregulated in re-
sponse to hot treatments under hypoxic conditions. Collectively, the
mortality and significantly increased differential transcripts indicate
that hypoxia does exacerbate the detrimental effects of heat. Similar to
the results from 5 kPa O2-cold transcripts, chk pathways, catabolic
processes (incl. proteolysis) and membranes are implicated in responses
after 10 kPa O2-hot. Checkpoint kinases (chk) may play a role in sur-
vival of post-hypoxia reoxygenation (Hammond et al., 2006), and
catabolic processes are often found in stress-association studies
(Kristensen et al., 2016; Sørensen et al., 2005). Acute heat treatments
can denature proteins and cause membrane leakage. The specific an-
notated transcripts that were altered in 10 kPa O2-hot, included upre-
gulation of Serpin 55B, while Hsp70Bb///Hsp70Bc and Sodium-depen-
dent multivitamin transporter (Smvt) were downregulated. As Hsp70 acts
as a protein chaperone, its downregulation may contribute to the ac-
cumulation of degraded protein, and eventual mortality.
4.5. Transcripts associated with phenotypic variation
Some transcripts were significantly differentially expressed in dif-
ferent directions after 5 kPa O2-cold and 10 kPa O2-hot treatments, and
were further correlated with variation in thermal tolerance. As high
temperatures were significantly more stressful (caused higher mor-
tality) than cold temperatures the results should be interpreted with
caution. However, these transcripts warrant explicit discussion here, as
together with those listed in Table 3, they may be important candidates
for cross-tolerance responses.
Hsp70B is not implicated after recovery from any PO2-hot or PO2-
cold treatments in this study. However, copies of Hsp70B were upre-
gulated in 5 kPa O2-cold, and downregulated in 10 kPa O2-hot. This
response therefore correlated with changes in thermal tolerance phe-
notype, with Hsp70B downregulation was correlated with longer CCRT
and shorter HKDT, and vice versa. Hsp70 is upregulated during anoxia
(Ma and Haddad, 1997) and this upregulation contributes to tolerance
(Azad et al., 2009). Apart from its chaperone activity, Hsp70 can pre-
vent caspase mediated apoptosis (Jäättelä et al., 1998; Yi and Lee,
2003) and plays a role in heat recovery and repair of chilling injury
(e.g. Koštál and Tollarová-Borovanská, 2009). The upregulation of
Hsp70B after 5 kPa O2-cold relative to 5 kPa O2-control could therefore
contribute to the improved survival and thermal tolerance.
In addition to universal downregulation after heat exposure, tran-
script CG6733 was upregulated after 5 kPa O2-cold, relative to control.
Therefore, in groups where expression is low (all PO2-hot and 5 kPa O2-
control treatments), CCRT and HKDT are comparable between these
treatment groups. Thus, together with Hsp70, this transcript shows
correlation to the thermal tolerance phenotypes. CG6733 is inferred to
be involved in aminoacylase activity and cellular amino acid metabolic
process (Flybase, http://flybase.org/, Gramates et al., 2017). This
transcript has been implicated in ethanol tolerance, starvation and heat
resistance (Morozova et al., 2006; Porcelli et al., 2015; Reinhardt et al.,
2014; Tobler et al., 2014). Moreover, CG6733 maps to a quantitative
trait locus associated with CCRT and heat hardening (Norry et al.,
2008). Therefore, this gene appears to be a good candidate for future
cross-tolerance studies that wish to explore simultaneous hypoxia tol-
erance and acute thermal stress.
4.6. Differences to previously published hypoxia and temperature responses
Common genes associated with hypoxia-tolerance and adaptation in
D. melanogaster include Wnt, Jnk and Hedgehog as well as signal trans-
duction pathways including Notch, Insulin, EGF receptor and Toll/lmd
(Azad et al., 2012; Zhou et al., 2008), many of which are controlled by
HIF-1 (Dekanty et al., 2010; Gorr et al., 2006). These, typical hypoxia
responses were not broadly detected in our data, likely due to our
choice of sampling timepoint, source of fly population and specific
acute assay conditions. For example, HIF-1α and HIF-1βwere induced in
cells exposed to 1% O2, but the response disappeared quickly when cells
were returned to oxygenated conditions (Wang et al., 1995). Similarly,
typical low temperature tolerance candidate genes e.g. Frost, Starvin
(Colinet and Hoffmann, 2010; Goto, 2001), were also not detected in
our data. Our choice of sampling timepoint only represents a small
window into the kinetic responses of genes, and a different sampling
timepoint would surely have resulted in different lists of transcripts. We
needed the 2 h recovery period to allow for up- and down-regulation of
gene expression, and to score mortality, and avoid running transcripts
on moribund or dead animals. In Sørensen et al. (2005), within 0–4 h
after acute stress, gradual changes in the same responses were seen,
making the timing of little concern. Here, we were less concerned with
concrete fold change of responses and more interested in the nature of
the responses (ie. which transcripts and functional groups are affected)
and if the response was correlated with temperature or PO2. As such,
the precise timing of the sampling after acute exposures is less of an
importance compared to a more chronic/long term treatment.
The differences to previous work may also be attributed to the fact
that we used combinations of multiple stressors to elicit a response (vs.
single stressors in previous studies), and conservative paired statistical
comparisons (with strict FDR adjusted P-values) between control and
stressed flies. For example, even if no transcripts were significantly
different between cold treatments at 2.5 and 21 kPa O2 (based on FDR
adjusted P-values) it remains possible that some interesting, relevant
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transcript changes may have occured (Table S5), and be masked by our
conservative statistical comparisons. It is also equally possible that this
protective response is not mediated directly by transcriptional, but ra-
ther driven by post-transcriptional effects. In addition, its known that
genetic background can affect the outcome of genomic studies (Sarup
et al., 2011), and we used an original line derived from field-collected
D. melanogaster, presumably adapted to southern African conditions.
Although we attempted to keep the flies in our experiments under si-
milar conditions, our paired transcriptomic comparisons within PO2
should have limited any cohort effects. As heat and hypoxia both sti-
mulate an increase in gas exchange, it is possible that desiccation stress
was exacerbated during PO2-hot and under hypoxic treatments more
than under the cooler or normoxic conditions. This may have con-
tributed to the increased accumulation of stress causing the increased
mortality, reduced thermal tolerance and some variation in the tran-
scriptomic response. However, no desiccation stress-related genes (e.g.
aquaporins) were differentially expressed in our results suggesting this
was unlikely to be a major mechanism contributing to transcript var-
iation over the timescales of our experiments. Future studies could at-
tempt to dissect heat and desiccation responses under hypoxia condi-
tions but that was beyond the scope of the present work.
5. Conclusions
Our results do not support our prediction that hypoxic treatments at
low temperatures would result in lowered mortality. Instead, hypoxic
O2-cold treatments did not result in elevated mortality and, although
not significant, 5 kPa O2-cold had a shorter CCRT and longer HKDT that
5 kPa O2-control treated flies. This may reflect a cold-hardening effect
and some cross-tolerance with prior cold exposure increasing sub-
sequent heat tolerance. We did find support for our prediction that
hypoxia hot treatments would result in high mortality, longer CCRT and
shorter HKDT. We identified that Uro was upregulated in all PO2-cold
treatments, and Hsp22 and Hsp23 were upregulated in all PO2-hot
treatments, indicating that the thermal tolerance responses were not
affected greatly by prior PO2 availability. Stressful treatments showed
transcript signatures indicative of catabolic processes. Lastly, we
showed that Hsp70 and CG6733 were associated with CCRT and HKDT
phenotypes, and that upregulation of these candidate genes may be
important in the cold-induced protection against hypoxia. In pursuing
our original study objectives, we have also provided a number of lists of
genes that are not discussed in detail. The genes we identified, and their
associated pathways, provide targets for future studies on oxygen-
temperature stress and how they interact to affect insect thermal tol-
erance and differential survival. We also proposed a novel testable
hypothesis into the role(s) of Uro in cold tolerance, and the potential
effects of hypoxia on cold-induced immune upregulation. Thus, the
results of this study, together with future studies on this topic will help
build a conceptual framework of insect responses to multiple simulta-
neous stressors.
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